The experiment described here studied the rat motor activity pattern as a function of the photoperiod of circadian light-dark cycles in the limits of entrainment (22-and 23-h periods). In most cases, the overt rhythm showed 2 circadian components: 1 that followed the external LD cycle and a 2nd rhythm that was free run. The expression of these components was directly dependent on the photoperiod, and there was a gradual transition in the manifestation of 1 or the other. The component with a period equal to that of the external cycle was more manifested under long photoperiods, while the other 1 was more expressed during short photoperiods. Also, the period of the free-running component was longer under T22 than T23. For each period, the free-running component was longer under a longer photoperiod. At first sight, the presence of these 2 components in most of the rats might appear to be due to the fact that in the limits of entrainment, some rats do not entrain and thus show a free-running rhythm plus masking. However, the gradation observed in the different patterns of the overt motor activity rhythm, especially those patterns related to the different balance between the 2 components and the length of the period of the free-running component under LD as a function of the photoperiod, suggests that the circadian system can be functionally dissociated.
The circadian system is formed by a set of structures that generates circadian rhythms in the organisms. The main structure involved in this process is the SCN of the hypothalamus, but the retina also contributes to the regulation of the rhythmicity, as it sends the SCN photic information that modulates the expression of the endogenous rhythm. The light-dark (LD) cycle is the most crucial zeitgeber in mammals, as it entrains practically all their rhythms. However, light also has a masking effect on the animals' activity, such that in a nocturnal animal, the activity tends to be suppressed by light. This indicates that the overt rhythm of an animal under LD cycles is affected by 2 lightdependent mechanisms: (1) entrainment of a circadian clock by light, resulting in endogenously clockcontrolled events at specific times, and (2) direct masking effects of light on clock-controlled variables and/or nonclock-controlled variables (Redlin and Mrosovsky, 1999) . It is difficult to differentiate the masking and entraining effect of an LD cycle. Consequently, most studies address the intrinsic nature of the circadian clock under constant conditions, or else they mention entrainment without considering the accompanying and unavoidable effect of masking.
At the limits of entrainment, under LD cycles whose period is not close enough to the endogenous rhythm to allow entrainment, animals manifest a number of phenomena such as relative coordination or partial entrainment (Aschoff, 1981) . These rhythmic patterns are sometimes difficult to interpret and analyze. In particular, it is difficult to differentiate whether the patterns are due to "masking" or to the entrainment effect of the LD cycle. We consider that the analysis of these patterns provides a good opportunity to study the functional structure of the circadian pacemaker.
In previous experiments, we studied the pattern of rat motor activity rhythm under different T cycles at the lower limit of entrainment. Under LD cycles of 22 and 23 h, rats show 2 simultaneous circadian rhythms, 1 of which has the same period as the external rhythm while the other free runs with a period close to 24.5 h (Vilaplana et al., 1997; Campuzano et al., 1998) . The expression of these 2 components depended on light intensity and on physical exercise (Cambras et al., 2000) . Thus, we interpreted that their expression may be linked to the degree of coupling between the oscillators that drive the circadian system. As light may affect the degree of coupling (Aschoff, 1981) , we hypothesized that the photoperiod could influence the adaptation of the circadian system to external cycles at the limits of entrainment, modifying, in consequence, the expression of the 2 circadian components.
MATERIAL AND METHODS
A total of 50 female and 50 male 2-month-old Wistar rats were used for the experiment. Rats were purchased from CRIFFA (France). When they reached our laboratory, they were kept in transparent cages measuring 22 × 22 × 15 cm. Half of the rats were submitted to an LD cycle of a 22-h period (T22) and the other half to an LD cycle of a 23-h period (T23). For each period, 5 groups were established on the basis of the distinct photoperiods to which they were exposed. The groups, which were named according to the percentage of light hours in the whole cycle, were made up of 5 males and 5 females as follows: Light for the experiment was provided by 2 fluorescent lamps at an intensity of 300 lux at the level of the cages. Darkness was attained using a dim red light with an intensity of less than 0.1 lux. Each group was maintained in a soundproof room, with independent lighting conditions. The experiment was carried out in 2 parts, each done in the same season of the year (fall). The first part studied the groups under T22, the second, those under T23. Animals were maintained under these LD conditions for 1 month, after which they were transferred to constant darkness for 30 days to observe the free-running rhythm and to calculate its phase relationship with respect to the previous LD cycle. Motor activity was detected throughout the experiment by means of an activity meter with 2 crossed infrared beams. The number of movements was cumulated and recorded every 15 min. During the experiment, the rats had free access to food and water.
Mathematical and Statistical Analysis
Motor activity data were analyzed in 2 parts separately, under exposure to the LD cycle (LD stage) and under constant darkness (DD stage).
In both stages, the periodogram of Sokolove and Bushell (1978) was used to detect the rhythm. This method provided information about the significant periods as well as the percentage of variance (PV) explained by the rhythm. The PV is an indicator of the importance (amplitude) of the rhythm. For the LD stage, the periodogram was calculated between days 10 to 30, to avoid the first days of adaptation to the new environment. For the DD stage, the periodogram was calculated for the whole stage and also for the 2 halves (days 1-15 and days 15-30). In most cases, the LD stage showed 2 statistically significant periods, thereby reflecting the presence of 2 rhythms. As 1 of these periods always had the same length as the external LD cycle (T22 or T23), we named it the light-dependent component (LDC) since it does not necessarily imply entrainment or masking but only a reflection of the external cycle. The other component free ran with a period that was distinct from T, and this will be men-tioned as the free-running component under LD. The PVs explained by the LDC (PV LDC) and by the freerunning component (PV free running) were used as indicators of the expression of the 2 rhythms, respectively. Moreover, the PV LDC/(PV free-running + PV LDC) variable, which expresses the balance between the 2 components and thus is referred to as the LDC ratio, was considered an indicator of the adjustment of the overt rhythm to the LD cycle. In this way, if the animal only shows the LDC, the index would have a value of 1, and if the animal only has the free-running component, the value would be 0.
A mean daily waveform for each animal was constructed on the basis of the external period T. From this waveform, we calculated the mean motor activity per cycle and also the cumulative motor activity in the dark and light phases. To obtain a common index for all the groups, we calculated the amount of activity per hour in light (A l ) and the amount of activity per hour in darkness (A d ). The variable A d /A l indicates the effect of the external cycle (adaptation or reactivity) on the rat's motor activity. It also indicates the extent to which the motor activity is confined in the dark phase.
In the DD stage, the phase relationship between the onset of activity and the last LD cycle was also calculated. For this purpose, we visually extrapolated the onset of activity for the first 10 days under DD to the last LD cycle. To test the statistical significance of the grouping of these phases, we used a Rayleigh z-test (Batschelet, 1981) . In the LD stage, 2 components can be observed in most of the animals; thus, we also tested the phase relationship between the rhythm under DD and each 1 of the 2 components separately. To calculate the relationship between the rhythm under DD and the LDC, we used the following procedure: (a) the mean waveform was calculated according to T for the LD stage. (b) The onset of alpha was determined taking into account that there were mainly 2 types of waveform: when motor activity was coincident with the dark onset (this was practically only the groups with long photoperiod) and when there was no such coincidence. In this last case, we considered that the beginning of alpha coincides with the point at which the activity crosses up the median, after the reactive bout of activity due to the beginning of darkness. (c) The onset of alpha determined in (b) was placed in the LD cycle. (d) We extrapolated the phase of the onset of the rhythm under DD to the last LD cycle. (e) We calculated for each animal the differences among these 2 phases, that of the onset of alpha and that of the extrapolation of the onset of the rhythm under DD. (f) The dispersion of the phase differences of the animals of each group was tested by means of the Rayleigh z-test.
To calculate the relationship of the rhythm under DD with the free-running component under LD, we visually extrapolated the middle of the free-running component to the last day under LD and the onset of activity of the first 10 days under DD to the last LD cycle. The phase relationship between these 2 components was calculated, and the dispersion of the phase differences of the animals of each group was also tested by a Rayleigh z-test.
Statistical analysis was carried out by an ANOVAof a general linear model, considering the period T, the photoperiod, and the sex as independent variables. As dependent variables, we used PV LDC, PV freerunning component, PV explained by the rhythm under DD, LDC ratio, mean motor activity per cycle, A d , A l , A d /A l , and the values of the period of the free-running component under LD and that under DD. Linear correlations among some of these variables were also studied.
Calculations were carried out by means of an integrated package for chronobiology "El Temps" (A. Díez-Noguera, Universitat de Barcelona, 1999) , and statistical analysis was performed with the SPSS® package.
RESULTS
In the double-plotted actograms ( Fig. 1 ), 2 components of the motor activity rhythm were observed: 1 is the reflection of the external LD cycle, while the other has a period longer than 24 h. The periodogram analysis also detected 2 significant peaks in most of the rats: 1 had the period of the external cycle, 22 or 23 h (LDC), while the other was longer than 24 h (free-running component). The number of animals that showed 1 or 2 significant peaks differed depending on the photoperiod: most of the rats showed 2 peaks (Fig. 2) , except some that only showed the peak corresponding to the LDC period: for T22, 2 rats from the group 77L, and for T23, 7 rats from the group 77L, 6 rats from the group 63L, 2 rats from the group 50L, and 2 rats from the group 36L.
There was a gradual transition in the expression of the 2 components depending on the number of hours of light of the cycle (Fig. 1) . For T22 and T23, when the photoperiod was long, the LDC was the most visible component (i.e., 77L or 63L), while the free-running component was most clear when the photoperiod was short. We note that in some examples, such as T23-23L, the free-running component shows relative coordination. In those rats with 2 significant peaks, the period of the free-running component differed depending on the groups (Fig. 3E) : it lengthened when the photoperiod increased (p < 0.001) and was longer in T22 than in T23 rats (p < 0.01).
To quantify the importance of 1 or the other of the 2 components during the LD stage, we calculated, for each animal, the PV explained by each component. In calculation, when 1 of the 2 components was not statistically significant, we still used the value of the highest peak in the periodogram as PV of this component. We consider that the percentage of variance explained by the free-running rhythm cannot be 0 since all the rhythms (any period) can explain a small, even if not significant, amount of data variance. An ANOVA with the PV LDC confirmed that this value depended on the period (p < 0.001) and on the photoperiod (p < 0.001) (Fig. 3A) . The PV free-running component also depended on the period (p < 0.001) Cambras and the photoperiod (p < 0.001), but in this case, sex was also a significant factor (p < 0.001). The PV freerunning component decreased in inverse proportion with the photoperiod but was always higher under T22 than T23 ( Fig. 3B ). T22 females showed higher PV free-running values than males. The value of the LDC ratio ( Fig. 3C ) increased with the photoperiod (p < 0.0001) and was always higher in T23 than in T22 rats (p < 0.0001). This variable also depended on the sex of the rats (p < 0.01).
Since under T23, the periodogram of the motor activity data of some rats only shows 1 significant peak and others 2 significant peaks, we analyzed (ANOVA) the PV LDC as a function of the photoperiod by considering the rats of these 2 groups separately. The results show (Fig. 4 ) that the tendency was the same in each of the groups as when considering all the rats. The photoperiod was a statistically significant factor in determining the value of PV LDC in the rats with 2 components (p < 0.001) but not in rats with 1 peak due to the lower number of animals. Thus, for further calculations and interpretation of the results, we used the values of all the rats together except when studying the value of the period of the free-running rhythm under LD, which is only present in rats with 2 peaks.
An ANOVA of the mean motor activity per cycle as the dependent variable shows that both the photoperiod (p < 0.05) and the period (p < 0.05) are statistically significant factors, with the highest values of this variable being found under T22 and short photoperiods. A linear regression showed that the mean motor activity per cycle decreased as the photoperiod increased (p < 0.01). However, the activity per hour of light and the activity per hour of darkness depended on the T (p < 0.001) and on the photoperiod (p < 0.005). A d /A l was higher in T23 than in T22 rats (p < 0.001). This variable did not change with the photoperiod in T22 rats but did change in T23 (p < 0.005), being highest in the 50L group (Fig. 3D ). Significant and positive correlations were found for the number of light hours versus the period of the endogenous component (p < 0.0001) and versus the LDC ratio (p < 0.001). Negative correlation was obtained between the PV of the LDC and the PV of the free-running component under LD (p < 0.005).
When the rats were transferred to DD, all showed a circadian component with a mean tau of 24 h, 23 min (SE = 1.08 min) for T22 and 24 h, 17 min (SE = 1.33 min) for T23. The differences between the 2 groups were statistically significant (p < 0.005), although no significant differences were found because of the previous photoperiod. The tau under DD was also calculated for 2 parts of the DD stage, with tau1 corresponding to days 1 to 15 and tau2 to days 16 to 30 under DD. The former was longer in T22 rats than in T23 (p < 0.05), but there were no differences caused by the photoperiod. Tau2 did not differ between the groups. A Student's ttest for paired data between tau1 and tau2 for each of the groups revealed that the latter was longer in all the T23 groups except for 50L but in none of the T22 groups. Moreover, when we studied separately those rats in T23 groups that showed 1 or 2 components, we found that those rats with 1 component showed a shorter tau than those with 2 components (p < 0.05).
A Rayleigh z-test showed that the onset of the rhythm under DD with respect to the phase of the last LD cycle is significantly clustered in all T23 groups except 50L, but only in 77L and 63L of the T22 groups. Similar results were obtained when the phase relationship between the onset of the rhythm under DD and the LDC was calculated (Fig. 5A ). However, in some groups, there is clustering between the onset of the rhythm under DD and the free-running component under LD (Fig. 5B) .
DISCUSSION
In the lower limits of the range of entrainment to the LD cycle, rats show several patterns in their overt motor activity rhythm. We believe that the study of these patterns may reveal some functional characteristics of the circadian system. The clearest results are that in most of the rats, 2 components can be detected: 1 following the LD cycle (which can be due to entrainment or masking) and the other free running. In an initial analysis, we can suggest that the 2 components are due to the fact that some rats do not entrain, and thus they show the free-running component plus masking. However, a more careful analysis indicates that there is a gradation, according to the period and photoperiod, in the expression of the 2 components; furthermore, this might indicate a functional dissociation of the circadian system.
In the analysis of the overt motor activity rhythm, we found a wide variety of patterns, from clear entrainment (only the light-dependent component) to the free-running rhythm (practically only the endogenous component). In between, we found different patterns showing 2 components, 1 of which was more intense than the other, and, in some rats, the typical pattern of relative coordination. Therefore, we decided to analyze the overt rhythms, not by classifying the animals into groups (i.e., rats that entrain and those whose rhythm is free run and masked by the LD cycle) but by using a single objective method for all of the animals. The method chosen was the analysis of the 2 peaks obtained in the periodogram, whose balance seems a clear indicator of the patterns we observe. Otherwise, the imposed dichotomy between entrainment and free running plus masking may Cambras et al. / PHOTOPERIOD UNDER T22 AND T23 221   B   T23-23L  T23-36L  T23-50L  T23-63L  T23-77L   T22-77L  T22-63L  T22-50L  T22-36L  T22- induce information loss in regard to motor activity data and thus constrain interpretation of the underlying process.
In the analysis of the overt rhythms of motor behavior, we must take into account that there are 2 lightdependent mechanisms. The 1st is the entrainment of a circadian clock by light, which in turn directs the animal to be active in the day or at night. The 2nd process involves an acute response to light, which, given that the rat is nocturnal, inhibits activity and is known as masking (Redlin and Mrosovsky, 1999) . Masking and entrainment may be distinct responses to light in terms of behavior and physiology (Redlin and Mrosovsky, 1999; Vitaterna et al., 1999) . However, at the receptor level, masking and entrainment may have considerable common features since they are both spared in retinally degenerate mutant mice (Mrosovsky, 2003; Mrosovsky et al., 1999) . Under normal synchronization (i.e., T = 24 h), the entraining and masking effect of light is supplementary since masking may influence the amplitude of overt rhythms. In the case of the rat, the activity concentrates in the darkness because of the action of the circadian pacemaker and also because of the inhibition of activity during light. Thus, in our case, the manifestation of the LDC can be due to a "pure" masking, a "pure" entrainment, or a mixture of the 2 processes. It is difficult to discern between these possibilities in the case of our study since the animals in question are intact rats submitted to a complete LD cycle (not skeleton), and the effect of masking of the LD cycle cannot be separated from the effect of entrainment. Moreover, masking also depends on the phase of the circadian rhythms (Mrosovsky, 1999) and can contribute to the appearance of circadian rhythmicity.
Hence, we considered that the different patterns observed in the overt rhythm are explainable on the basis of a common process that involves the functionality of the circadian pacemaker. Therefore, we decided to analyze the patterns of motor activity only by quantifying the expression of the 2 components without considering whether these are due to entrainment or masking. Our analysis examines the percentage of variance explained by the significant peaks obtained in the periodogram of Sokolove and Bushell (1978) . In this way, an objective variable was obtained, one that reflects the degree of adjustment of the activity pattern to the light-dark cycle.
One of the most critical points of this experiment involves knowing whether the LDC is really due to entrainment, apart from masking. In regard to the characteristics of entrainment-specifically, period control, stable phase relationship, and phase control of the rhythm under DD (Moore-ede et al., 1982) -it seems that the patterns of the actograms of T23 and those of some rats of the T22 group (especially T22-77L) are not only due to masking because entrainment also appears to be present. There is period control (since motor activity follows the external period T22 or T23), stable phase relationship of the LDC even with the presence of the free-running rhythm (i.e., T22-50L in Fig. 1) , and, in some cases, phase control of the rhythm under DD in the presence of the 2 components (i.e., T22-36L, T23-63L in Fig. 1) . Thus, we think that different patterns can be observed, apparently gradual, between complete entrainment of the LDC (T23 and long photoperiods) to a free-running rhythm plus masking (T22 and short photoperiods), and this indicates that interpretation of all the results should be found in a process that could also be gradual. When we analyze the results of the Rayleigh z-test, we can see that the phase differences between the rhythm under DD and the onset of the activity of LDC were significantly close in all T23 groups (except 50L) and in T22 (except 36L and 23L). However, we must also take into account that the free-running rhythm can also drive the phase of the rhythm under DD in some of the groups. Although it is important to notice that this last analysis cannot be done in those rats that only show only a single peak in the periodogram, the conclusion is that LDC can drive the phase of the rhythm under DD in most of the T23 rats and under long photoperiods, while the free running drives the phase in most of the T22 and short photoperiods. Thus, in some rats, the rhythm is driven by 1 component and in others by the other component, and in some cases, the 2 rhythms coincide. This, as well as the fact that the mean waveform shows us that the alpha phase does not coincide with dark onset in most of the rats, suggests that the expression of the LDC is not only masking but also entrainment (or at least part of the system entrained). Masking is visible as the reactive peak at the beginning of darkness and the reactive decrease at the beginning of light, and these are not continued under DD. Moreover, in T23, there are aftereffects since tau under DD lengthens. The differences between tau2 and tau1 were statistically significant only in L77 and L36 groups. The presence of a freerunning component together with another component, which in some cases can be entrained, suggests to us the existence of a functional dissociation of the circadian system.
Other important results of this experiment were the dependence (and gradation) of the period of the freerunning component under LD on the period and the photoperiod, as well as the dependence of the percentage of variance explained by both the light-dependent and free-running components. Several interpretations may account for them. For instance, there may be changes in the period of the free-running component under LD according to the photoperiod that can be attributed to the parametric effect of light on the circadian system. The parametric effect of light has been studied under continuous light, as described in Aschoff's rules, and also under high-frequency cycles that produce "demasking" (Aschoff, 1999) . We studied it under T cycles in the circadian range, which produce a free-running rhythm that really seems to act as free running. Thus, the period lengthened and the amplitude (or PV) of the rhythm decreased when the number of hours of the photoperiod increased, which is similar to what happens under constant lighting conditions with increasing light intensity. In nocturnal animals such as the rat, it has been proposed that light decelerates the velocity of the circadian pacemaker since the period of the free-running rhythm increases according to light intensity (Aschoff, 1981) . Thus, the observation that the period of the free-running component increased with a lengthened photoperiod is compatible with a parametric model and can be easily explained by surmising that the oscillators ran more slowly for a longer time, which made the duration of a whole revolution (period of the free-running component) longer than under shorter photoperiods.
However, the free-running period not only changes due to the photoperiod but also due to T. The distinct velocity of the oscillators during light or darkness does not explain why the period of the free-running rhythm under T22 is longer than under T23 since the total amount of light at the end of the experiment was the same for both periods. The distinct value of the free-running period according to T has also been demonstrated in previous experiments covering a wider range of periods (Campuzano et al., 1998) . Nonlinearity in the response to light can be posed as an explanation for these differences, but it can be demonstrated mathematically that this effect would account for a very low (less than 0.1%) variation in the resulting T (unpublished results). Another interpretation for the changes in the period of the free-running component could be done by considering that when there is relative coordination, the period of free-running rhythm changes depending on the phase relationship with the light. Although this explanation may fit for the changes due to the different T, it does not explain the differences obtained in the values of the percentage of variance of the 2 components. Moreover, this would produce a paradoxical situation since the animals whose endogenous period was closer to T were those rats that entrain less and show a lower percentage of variance of the LDC component. In addition, because relative coordination was not observed in most of the rats, we do not consider this explanation viable.
Finally, other results to be interpreted are the percentage of the variance shown by each of the 2 components. We have taken these values to be representative of the importance of the rhythm. However, prior to interpretation, some of the problems concerning these variables must be taken into account since the variables do not distinguish between masking or entrainment in the case of the LDC, and the PV LDC can be increased by both processes. Given that what we want to measure is the expression of the different patterns in a quantitative way, this analysis proved itself very useful. The value of PV explained by a determined component increases in direct proportion with amplitude and constancy of the rhythm. PV value is also a useful analytical tool because it provides the quantification of the period and PV of the 2 rhythms independently of each other. Moreover, a quantification of the balance between the 2 components fits with the pattern observed in the LD stage. Simulations carried out in our laboratory with data following simultaneous rhythms with different amplitudes indicate that the periodogram of Sokolove and Bushell (1978) reflects much better than other periodograms (Lomb and Scargle periodogram, regressive periodogram) the ratio between the amplitude of the 2 components.
The percentage of variance explained by the LDC was higher under a long photoperiod than under a short one, while the percentage of variance of the freerunning component showed the opposite relationship. This balance between the 2 components could be explained in terms of energy balance in such a way that if an animal has only a certain number of calories to expend, it must divide its activity among a given number of activity bouts. Thus, in a particular photoperiod, if fewer calories are expended in the free-running component, there will be more calories available for the LDC and vice versa.
To arrive at a single interpretation that could fit all the results of this experiment (presence of 2 simultaneous components, balance in the expression of the 2 components depending on T and the photo-period, and period of the free-running period increasing with the photoperiod and decreasing with the period), we consider it necessary to think of a flexible functional structure of the circadian pacemaker. Thus, 2 populations of oscillators can work with distinct degrees of coupling.
At present, there is some evidence that the circadian pacemaker is a multioscillatory system (Díez-Noguera, 1994; Miller, 1998) formed by at least 2 functional populations of oscillators (Lee et al., 2003; Moore et al., 2002; Pittendrigh, 1976a, 1976b) , with 1 of them being mainly sensitive to light (Moore et al., 2002) . Recent studies reveal multiplephase grouping of SCN oscillators, suggesting that light regulation of oscillator interactions within the SCN underlies entrainment to the photoperiod (Quintero et al., 2003) . Moreover, there are different conditions under which the circadian rhythmicity is distinctly organized, and consequently, the clock genes in the SCN show different patterns (de la Iglesia et al., 2000; Edelstein et al., 2003) . Taking all this into account, we believe that our results could be best explained by considering 2 subpopulations in the SCN whose intracoupling and intercoupling changes according to the period and the photoperiod. In this way, assuming that the 2 populations of oscillators could have different spontaneous frequencies, the oscillators that generate the LDC could be more entrainable than the others, oscillating with the external cycle while the rest of oscillators, coupled among them, would free run and thus generate the free-running rhythm. Since completely entrained and completely free-running rhythms are poles of a continuum, we can suppose that the minimum expression of the PV LDC is due to masking of the LDC, and when the action of different oscillators is added on, this value will increase. Thus, under T22, most of the oscillators that form the circadian pacemaker will be involved in the expression of the free-running component and only a few in the LDC. The contrary will occur under T23. Furthermore, in both cases, the quantity of light produces a gradual transition from 1 component to the other. This difference in the functional structure of the circadian system, based on the number of functional oscillators that may constitute each of the populations, may explain all the results of this experiment (changes in the period of the endogenous component, the importance [PV] of each of the 2 components, and the gradation in the overt motor activity patterns according to T in the photoperiod). This could imply a flexible organization for the adjustment to the external cycles. Further research will decide the anatomical basis of this interpretation.
